In this study we developed a new method for accurately determining the pentose phosphate pathway (PPP) split ratio, an important metabolic parameter in the primary metabolism of a cell. This method is based on simultaneous feeding of unlabeled glucose and trace amounts of [U-13 C]gluconate, followed by measurement of the mass isotopomers of the intracellular metabolites surrounding the 6-phosphogluconate node. The gluconate tracer method was used with a penicillin G-producing chemostat culture of the filamentous fungus Penicillium chrysogenum. For comparison, a 13 C-labeling-based metabolic flux analysis (MFA) was performed for glycolysis and the PPP of P. chrysogenum. For the first time mass isotopomer measurements of 13 C-labeled primary metabolites are reported for P. chrysogenum and used for a 13 C-based MFA. Estimation of the PPP split ratio of P. chrysogenum at a growth rate of 0.02 h ؊1 yielded comparable values for the gluconate tracer method and the 13 C-based MFA method, 51.8% and 51.1%, respectively. A sensitivity analysis of the estimated PPP split ratios showed that the 95% confidence interval was almost threefold smaller for the gluconate tracer method than for the 13 C-based MFA method (40.0 to 63.5% and 46.0 to 56.5%, respectively). From these results we concluded that the gluconate tracer method permits accurate determination of the PPP split ratio but provides no information about the remaining cellular metabolism, while the 13 C-based MFA method permits estimation of multiple fluxes but provides a less accurate estimate of the PPP split ratio.
Quantification of primary metabolic fluxes in microorganisms provides researchers with an important tool for a more rational approach to metabolic engineering. A part of the cellular metabolism that has received special attention when possible strain improvement strategies have been examined is the flux distribution around branch points (9, 30, 31) . At these metabolic branch points an entering flux diverges in two or more different directions, thus forming a potential target for rerouting fluxes. Under glucose-feeding conditions the first metabolic node encountered by the glucose entering a cell is the node around glucose-6-phosphate (g6p), which results in carbon flux partitioning toward glycolysis, the pentose phosphate pathway (PPP), storage carbohydrates, and in some prokaryotes the Entner-Doudoroff pathway. Each of these pathways has its own unique function in the cell. Glycolysis (combined with the tricarboxylic acid cycle) is the general route for glucose catabolism and energy formation in the cell, while the PPP plays a crucial role in the redox metabolism of the cell. In addition to their catabolic functions these pathways also have anabolic functions as they provide the precursors for the monomers (amino acids, fatty acids, nucleotides, sugar phosphates, etc.) required for growth and product formation. Therefore, accurate determination of the flux distribution around the g6p node provides valuable insight into the functioning of a cell.
An important flux ratio of the g6p node is the fraction of g6p entering the oxidative branch of the PPP in relation to the total uptake of glucose by the cell (referred to as the PPP split ratio below). From an industrial point of view, split ratio determinations are interesting in the quest for strains that overproduce (partially) PPP-originating products, such as phenylalanine and riboflavin. Recently, workers have also revealed the importance of the oxidative branch of the PPP in regulating the cytosolic NADPH levels when specific amino acids (20) and antibiotics are overproduced (35) .
One of the earliest documented quantifications of the PPP split ratio dates from 1955, when Katz et al. (18) developed a method to calculate the flux into the oxidative branch of the PPP based on the evolution of 14 CO 2 in rat liver cells that were consecutively fed [U- 14 C]glucose, [6] [7] [8] [9] [10] [11] [12] [13] [14] C]glucose, and [1-14 C] glucose. In the ensuing decades the flux of the oxidative branch of the PPP has usually been estimated by feeding cells specifically 13 C-or 14 C-labeled glucose and then analyzing the 13 C or 14 C distribution in the CO 2 produced or in derivatives of the triose phosphates produced (e.g., lactate, glycerol, and amino acids) (8, 21, 25) . Some of these methods are rather laborious, requiring parallel experiments with two differently labeled substrates, while others can be quite costly due to the specifically labeled substrates used. However, the major problem with these methods is that they are based on assumptions concerning the recycling of fructose-6-phosphate (f6p) produced in the PPP, the reversibility (12) and structure (22) of the reactions in the nonoxidative branch of the PPP, the degree of isotopic equilibrium of the hexose monophosphate pool, and the drain on PPP metabolites as precursors for the syn-thesis of biomass (19) . The various assumptions lead to widely different determinations of the PPP split ratio.
Recently, a more robust method was developed by Christensen et al. (3) , in which an overall 13 C balance is set up for the upper part of glycolysis and the PPP. This method can estimate the PPP flux irrespective of the isotope redistributions arising from f6p recycling and PPP reversibility. However, the method is also based on assumptions that limit the validity of the estimated PPP split ratios. It is assumed that C-5 of g6p is naturally labeled when cells are fed [1-13 C] glucose, that the label pattern of glyceraldehyde-3-phosphate is identical to that of serine, and that the labeling of C-1 of serine and the labeling of C-2 of serine are identical, thereby neglecting the possible effect of the enzymes threonine aldolase and glycine decarboxylase on the label distribution in serine.
Nowadays, 13 C tracer experiments are increasingly used for simultaneously determining the flux distributions of multiple convergent metabolic nodes. This method, often referred to as 13 C-based metabolic flux analysis (MFA), combines 13 C labeling data for primary metabolites with uptake and secretion rates and biomass composition to determine the fluxes throughout a metabolic network. The labeling of the primary metabolites can be measured either directly using liquid chromatography-mass spectrometry (LC-MS) (38) or indirectly by measuring the 13 C labeling of proteinogenic amino acids using gas chromatography-mass spectrometry (11, 13) and/or nuclear magnetic resonance (26) . Until now, however, it has been difficult to accurately determine the PPP split ratio using this method. van Winden et al., for example, showed that the PPP split ratio estimates for Penicillium chrysogenum are highly dependent on the network stoichiometry used (36) , while large confidence intervals were found for the PPP split ratios of Saccharomyces cerevisiae and Bacillus subtilis (6, 38) .
In this study we developed a new method for determining the PPP split ratio based on simultaneous feeding of unlabeled glucose and trace amounts of [U-13 C]gluconate. By measuring the mass isotopomers of the intracellular metabolites around the g6p node, the flux into the oxidative branch of the PPP can be directly calculated. The applicability of the gluconate tracer method was studied by using a penicillin G-producing chemostat culture of the filamentous fungus P. chrysogenum. The sensitivity and accuracy of the estimated PPP split ratio were compared to the sensitivity and accuracy of the PPP split ratio estimated from a 13 C-labeling-based MFA of P. chrysogenum grown under identical conditions. For the first time mass isotopomer measurements of 13 C-labeled primary metabolites were determined for P. chrysogenum and used for 13 C-based MFA.
Theory. The first step in the PPP is the irreversible dehydrogenation of g6p to 6-phosphoglucono-␦-lactone catalyzed by g6p dehydrogenase, followed by hydrolysis to 6-phosphogluconate (6pg). 6-Phosphogluconate is subsequently catabolized via the Entner-Douderoff pathway or the PPP. Under most growth conditions the irreversibility of these two pathways ensures that 6pg can originate only from g6p, resulting in identical labeling patterns for the two metabolites. An additional inflow into the 6pg pool can be obtained by feeding gluconate to the cells. After uptake, gluconate is directly phosphorylated to 6pg by the enzyme gluconokinase and in this way enters the PPP directly after the g6p branch point. Cofeeding of [U- 13 C]gluconate to a culture grown on naturally labeled glucose results in a different labeling pattern for g6p and 6pg. The difference in the labeling pattern is directly related to the amount of g6p that enters the oxidative branch of the PPP. Figure 1 schematically shows the primary metabolism of a cell grown simultaneously on glucose (glc) and gluconate (gln). The flux into the oxidative branch of the PPP (v 3 ) can be calculated by setting up a metabolite balance and a mass isotopomer balance over the metabolite 6pg:
where v 2 is the uptake rate of gluconate. Equation 1 shows the mass balance for 6pg, while equation 2 shows the labeling balance in which the fluxes are multiplied by the mass isotopomer distribution vector of the corresponding metabolite. Substituting equation 1 into equation 2 yields the following:
By measuring the uptake rate of gluconate and the mass isotopomer distributions of g6p, 6pg, and gluconate an overdetermined system is obtained, from which v 3 can be estimated. Since measurement errors occur on both sides of equation 3, a sequential quadratic programming algorithm was used to estimate v 3 . The PPP split ratio is obtained by dividing v 3 by the rate of glucose uptake (v 1 ). Note that for accurate estimation of the PPP split ratio, the measured mass isotopomer distribution vectors in equation 3 should be corrected for naturally occurring isotopes of hydrogen, nitrogen, and oxygen. This was done by inverting the procedure proposed by van Winden et al. (37) .
By introducing a labeling difference among the metabolites directly surrounding the entry point of the PPP and by measuring the labeling pattern of these metabolites, the split ratio can be accurately determined without any of the assumptions made in the previously developed methods. Furthermore, direct assessment of the surrounding metabolites rules out any uncertainties introduced by deducing the labeling of primary metabolites from measured labeling patterns of proteinogenic amino acids.
In order to accurately measure the PPP split ratio using the method described above, several conditions have to be met. First, the rate of gluconate uptake should be low, so the overall metabolism of the cell is not disturbed. Thus, only tracer amounts of gluconate should be added to the medium (hence the name gluconate tracer method). Second, the microorganism investigated has to simultaneously metabolize glucose and gluconate. In general, mixtures of carbon sources are taken up simultaneously by a cell only under carbon-limiting conditions (10) . Under excess-carbon conditions, the molecular mechanisms of catabolite repression and inducer exclusion ensure that the cell first depletes the energetically more favorable carbon source. Growth on both glucose and gluconate simultaneously has been reported for various microorganisms, such as Corynebacterium glutamicum (24) , Bacillus subtilis (7) , Escherichia coli (17) , and Schizosaccharomyces pombe (2) ; in this study we focused on P. chrysogenum. The last prerequisite for accurately applying the gluconate tracer method is knowledge about the glucose metabolism of the microorganism studied. Glucose-oxidizing reactions catalyzed by glucose oxidase or glucose dehydrogenase can give rise to an influx of unlabeled carbon (originating from glucose) into the uniformly 13 C-labeled gluconate pool, thereby complicating determination of the PPP split ratio. In general, however, these enzymes are expressed only under excess-glucose conditions. Harris et al. (15) , for example, showed that the enzyme glucose oxidase could not be detected in a glucose-limited chemostat culture of P. chrysogenum.
MATERIALS AND METHODS
Strain and cultivation conditions. All cultivations described in this study were performed in a carbon-limited chemostat system operated at a growth rate of 0.02 h Ϫ1 , using a high-yield industrial P. chrysogenum strain (strain DS17690, kindly donated by DSM Anti-Infectives, Delft, The Netherlands). This strain was a reisolation of the strain previously used in our lab (strain DS12975) (35) .
Both the gluconate tracer analysis and the 13 C-based MFA for determining the PPP split ratio were carried out using a 1-liter bioreactor (Applikon, Schiedam, The Netherlands). The working volume of the reactor was kept constant at 0.6 liter by means of an overflow system. Effluent was removed discontinuously by pumping out liquid at fixed time intervals (1 min every 10 min). The temperature was controlled at 25°C, while the pH was controlled at 6.50 by automatic titration with 0.5 M NaOH and 0.25 M H 2 SO 4 . To keep the dissolved oxygen tension above 50%, the bioreactor was equipped with one Rushton turbine stirrer (600 rpm) and was aerated with pressurized air at a rate of 10 liters/h (0.28 [vol/vol/min]) with an overpressure of 0.1 ϫ 10 5 Pa. A silicone antifoam agent (BDH, Poole, United Kingdom) was diluted 1:10 (vol/vol) and added to the reactor at a fixed rate of 0.2 ml/h. Cells were grown on a scaled-down version of the minimal medium described by van Gulik et al. (35) in order to minimize the cost of the labeling experiments. For the 13 A similar medium was used for the gluconate tracer experiment; the only modification was that 5 Cmol% of glucose was replaced by an equimolar amount of glucono-␦-lactone (0.005 Cmol/liter). The reason for addition of a small amount of sodium acetate to the medium was to introduce an additional inflow of labeled carbon into the metabolism for better estimation of the fluxes in the lower part of the metabolism when the 13 C-based MFA method was used.
PAA, the side chain precursor for penicillin G, was added to the medium at a concentration that kept the residual concentration in the chemostat around 3 mM. At this concentration PAA neither limited penicillin G production nor inhibited the growth of P. chrysogenum. For preparation of the minimal medium the appropriate amount of PAA was dissolved in 1 liter of demineralized water, the pH was adjusted to 5.40 using 1 M KOH, and the preparation was autoclaved at 121°C for 40 min. The remaining medium components were dissolved in 4 liters of demineralized water, the pH was adjusted to 5.40 using 1 M KOH, and the preparation was filter sterilized and added to the PAA solution using an Acropak20 filter (PALL, East Hills, NY). After preparation the minimal medium was stirred for at least 12 h with a magnetic stirrer. At a medium pH of 5.40, this incubation for 12 h ensured that all the added glucono-␦-lactone was hydrolyzed to gluconate (32) .
Except for the smaller chemostat volume, the procedures for the batch phase and the first part of the chemostat phase were carried out as described by van Gulik et al. (35) . During cultivation the batch phase was inoculated with spores from 2.0 g of rice grains. The sole energy source during the batch phase was 3.3 g/liter of glucose ⅐ H 2 O. The end of the batch phase was typically reached after 50 h, after which the reactor was switched to the continuous mode using the minimal medium described above. After 2 residence times this medium was replaced by a medium that was chemically identical except that part of the naturally labeled carbon was replaced by 13 Biomass sampling. Duplicate 10-ml samples were withdrawn from the bioreactor every second day to determine the biomass dry weight. Samples were filtered over preweighed glass fiber filters (PALL) and dried at 70°C for at least 24 h. The filtrate collected was immediately frozen in liquid nitrogen and used to analyze the extracellular penicillin G and PAA concentrations.
Recently, Mashego et al. (28) observed that the feeding time with 13 C-labeled substrate that is necessary in order to obtain an isotopic steady state of the intracellular metabolites is longer than previously anticipated. A possible explanation for the slow replacement of unlabeled metabolites is the turnover of unlabeled storage sugars. To ensure that the intracellular primary metabolites measured in this study were in both chemical and isotopic steady states, the culture was incubated for 3 residence times after the medium was changed to the 13 C-labeled medium, before broth samples were harvested to determine the extracellular residual substrate concentrations and the mass isotopomer distributions of intracellular metabolites. Extracellular samples were acquired by rapidly withdrawing 2 ml of broth with a syringe containing precooled stainless steel beads (Ϫ18°C), followed immediately by separation of the cells and medium by filtration (27) . The samples were stored at Ϫ80°C prior to analysis. Samples used for intracellular metabolite determination were obtained by rapidly withdrawing 1 ml of broth from the bioreactor and then injecting the sample directly into 5 ml of a 60% (vol/vol) methanol-water mixture (Ϫ40°C) for instantaneous quenching of the cell metabolism (23) . A total of 16 1-ml samples of broth were obtained from the bioreactor and processed for metabolite extraction.
Metabolite extraction. Eight of the 16 samples harvested for metabolite extraction were centrifuged for 5 min at 5,000 ϫ g in a cooled (Ϫ20°C) centrifuge equipped with a precooled (Ϫ40°C) swing-out rotor with four buckets (Heraeus, Hanau, Germany). After the supernatant was decanted, each pellet was resuspended along with one of the eight remaining samples, which resulted in doubling the amount of biomass in each tube. This step was performed to compensate for the low biomass concentration in the bioreactor (ca. 1 g/liter). The pooled samples were centrifuged for 5 min at 5,000 ϫ g. After the supernatant was decanted, each pellet was resuspended in fresh 60% (vol/vol) methanolwater (Ϫ40°C) and centrifuged for 5 min at 5,000 ϫ g. This step ensured removal of any extracellular components (e.g., salts) that would otherwise hamper the VOL. 72, 2006 DETERMINING PPP SPLIT RATIO IN P. CHRYSOGENUM 4745 metabolite analysis. After this washing step was repeated, the samples were decanted and stored at Ϫ40°C in a cryostat. The metabolites were extracted from the pellets using the boiling ethanol procedure described by Lange et al. (23) .
The boiled extracts were evaporated under a controlled vacuum at a controlled temperature for 45 min in a Rapid-Vap (Labinco, Kansas City, MO) to remove the ethanol and traces of methanol. It was found that within 45 min all of the ethanol and methanol had evaporated from the samples, which left a mixture of metabolites and cell debris suspended in approximately 200 l of water. The samples were centrifuged for 10 min at 13,000 ϫ g, and the supernatants were stored at Ϫ80°C prior to LC-MS analysis. Sample analysis. The mass isotopomer distributions of the intracellular metabolites were determined as described by van Winden et al. (38) . Metabolites were first separated by high-performance anion-exchange chromatography (Waters, Milford, MA) and then analyzed by mass spectrometry with a Quatro-LC triple quadrupole mass spectrometer (Micromass Ltd., Manchester, United Kingdom) equipped with an electrospray ionization interface. Samples were analyzed for the following intermediates of glycolysis and the PPP: g6p, f6p, 6pg, gln, mannose-6-phosphate, 1,6-fructose bisphosphate (fbp), phosphoenolpyruvate (pep), the combined pool of 2-phosphoglycerate and 3-phosphoglycerate (2/3pg), the combined pool of xylulose-5-phosphate, ribose-5-phosphate, and ribulose-5-phosphate, and sedoheptulose-7-phosphate.
The concentrations of glucose, gluconate, and acetate in the medium and the bioreactor were determined enzymatically (Scil Diagnostics, Viernheim, Germany).
Enzymatic analysis. The cell extracts used for analysis of glucose oxidase, glucose dehydrogenase, and 6pg phosphatase were prepared as described by Harris et al. (15) . The glucose dehydrogenase activities of cell extracts were determined using the assay described by van Dijken et al. (34) . The glucose oxidase activities of filtrates and cell extracts were determined using the assay described by Harris et al. (15) . 6pg phosphatase activity was determined by incubating (25°C, 30 min) 1 ml of cell extract with 100 mol of 6pg and enzymatically measuring the production of gluconate (Scil Diagnostics, Viernheim, Germany). Background gluconate levels in the cell extracts were used as blanks. 13 C label distribution for glucose and gluconate. The mass isotopomer distributions of the labeled glucose mixture used for the 13 C-labeling-based MFA and the [U-13 C]gluconate used for the gluconate tracer method were determined by LC-MS analysis. Since glucose could not be directly measured by LC-MS, a mixture of [1-13 C]glucose, [U-13 C]glucose, and naturally labeled glucose was first phosphorylated to g6p by incubating 200 l of medium with 15 l of 0.25 M ATP (pH 7.0) and 3 l of hexokinase (1,500 U/ml; Roche Diagnostics, Almere, The Netherlands) for 30 min at 30°C. The enzyme and metabolites were separated by centrifugation at 6,000 ϫ g for 30 min on an Ultrafree-MC 10.000 NMWL spin filter (Millipore, Billerica, MA). The supernatants were stored at Ϫ80°C prior to LC-MS analysis. 
The flux fitting procedure employed was described in detail by van Winden et al. (38) . Briefly, in this procedure the cumomer balances and cumomer-to-isotopomer mapping matrices introduced by Wiechert et al. (39) are used to calculate the isotopomer distributions of metabolites in a predefined metabolic network model for a given flux set. The flux set that gives the best correspondence between the measured and simulated 13 C label distributions is determined by nonlinear optimization and is designated the optimal flux fit. All calculations were performed with Matlab 6.1 (The Mathworks Inc., Natick, MA).
RESULTS
Validity of the gluconate tracer method. Prior to using the gluconate tracer experiment for direct determination of the PPP split ratio, we checked whether P. chrysogenum could simultaneously consume glucose and gluconate under carbonlimiting conditions. Furthermore, we investigated to what extent the metabolism of P. chrysogenum was influenced by replacement of 5 Cmol% of glucose by gluconate. A trial cultivation experiment was performed in which P. chrysogenum was grown for 4.0 residence times on the 13 C-based MFA medium containing only glucose and acetate, followed by 4.0 residence times on a gluconate tracer medium with 5 Cmol% of gluconate. As shown in Fig. 2 , no significant changes in the biomass dry weight, penicillin G production rate, and PAA consumption rate were observed for the two different media. Throughout cultivation the rate of PAA uptake matched the FIG. 2. Rate of penicillin G production (qPenicillin-G), rate of PAA consumption (qPAA), and biomass concentration during chemostat cultivation of P. chrysogenum performed to validate the gluconate tracer method. After ϳ4 residence times the composition of the feed was slightly altered; 5 Cmol% of the original glucose was replaced by an equimolar amount of gluconate. At the same time the chemostat was pulsed with a gluconate solution so that the initial concentration in the chemostat was 0.160 g/liter.
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KLEIJN ET AL. APPL. ENVIRON. MICROBIOL. rate of penicillin G production, indicating that PAA was not catabolized by the cells. The effect of gluconate addition on intracellular metabolism was investigated by determining the steady-state intracellular metabolite levels before and after the medium was changed to the gluconate-containing medium (Fig. 3) . Metabolite levels were determined by isotope dilution mass spectrometry using U-13 C-labeled metabolite extracts as internal standards as described by Wu et al. (40) . In their study Wu et al. found that for most metabolite levels the maximal standard deviation did not exceed 10%. A t test based on a maximal standard deviation of 10% showed that most of the metabolite levels before and after addition of gluconate were not significantly different; the only exception to this was the level of fbp. The difference in the fbp level observed might have been due to the extremely low concentrations of this metabolite in the sample. The metabolite levels shown in Fig. 3 seemed to be slightly lower after addition of gluconate. However, the lower levels were not necessarily an effect of the gluconate added. The levels of the metabolites examined are biomass specific; therefore, overestimation of the biomass concentration at the time of sampling results in underestimation of all biomass-specific metabolite levels.
Immediately after the switch to the gluconate-containing medium, the bioreactor was pulsed with a gluconate solution in order to obtain the same gluconate concentration in the bioreactor as in the medium (ϳ0.160 g/liter). After the pulse, the decrease in the extracellular residual gluconate concentration in the bioreactor was monitored over time ( Fig. 4 ). Within 0.5 h after the pulse the gluconate concentration in the bioreactor started to decrease. The residual glucose concentration in the bioreactor remained ϳ3 mg/liter throughout the experiment. These results clearly demonstrate that P. chrysogenum is capable of simultaneously metabolizing glucose and gluconate under carbon-limiting conditions. The simultaneous uptake was probably triggered by the low glucose concentration during the experiment, which enabled induction of the genes needed for the uptake of other substrates (there was no catabolite FIG. 3. Steady-state intracellular metabolite concentrations for P. chrysogenum before and after the switch to the gluconate-containing feed. Broth samples used for metabolite analysis were harvested after about 4 and 8 residence times. The standard deviations (indicated by error bars) were fixed at 10%. A metabolite whose concentrations were significantly different before and after addition of gluconate was identified by using a two-tailed equal variance t test and is indicated by an asterisk. A P value less than 0.01 was considered significant. Glyox, glyoxylate; PYR, pyruvate; FUM, fumarate; MAL, malate; a-KG, ␣-ketoglutarate; G1P, glucose-1-phosphate; G6P, glucose-6-phosphate; F6P, fructose-6-phosphate; M6P, mannose-6-phosphate; T6P, threhalose-6-phosphate; PEP, phosphoenolpyruvate; 2/3PG, combined pool of 2-phosphoglycerate and 3-phosphoglycerate; FBP, 1,6-fructose bisphosphate; 6PG, 6-phosphogluconate. repression). The gluconate consumption rate was calculated from the pattern of the extracellular gluconate concentration over time. Figure 4 shows that during the first 12 h the specific rate of uptake of gluconate reached ϳ6 ϫ 10 Ϫ3 mol/Cmol/h, which was followed by a decrease to a steady-state uptake rate of 0.64 ϫ 10 Ϫ3 mol/Cmol/h. P. chrysogenum clearly needed time to fully adjust to the presence of gluconate, indicating that the transport system required for gluconate and/or the enzyme gluconokinase is induced rather than constitutively expressed. Gluconate tracer method and P. chrysogenum. The gluconate tracer method was used to determine the PPP split ratio in a penicillin G-producing chemostat culture of P. chrysogenum operated at a dilution rate of 0.02 h Ϫ1 . Table 1 shows the "measured" macroscopic parameters of the cultivation. Apart from an erroneous oxygen consumption rate, identified by rate balancing as described by van der Heijden et al. (33) , no major differences between the balanced and "measured" macroscopic rates were found. Note that the rate of gluconate uptake was just less than 5% of the rate of glucose uptake.
The measured mass isotopomer distribution of the [U-13 C] gluconate added to the medium is shown in Table 2 . Based on the measured mass fractions, an isotopic purity of 99% (ϳ0.94 1/6 ) was calculated. This value is higher than the 95% isotopic purity specified by the manufacturer, from which an m ϩ 6 mass isotopomer fraction of only 0.74 was predicted for gluconate. Moreover, use of the manufacturer-specified isotopic purity would have resulted in a very different estimate for the PPP split ratio, illustrating the importance of measuring the label distribution of the substrate(s) used. After 3 residence times of feeding on medium containing [U-13 C]gluconate, broth was harvested in order to measure the mass isotopomer fractions of 6pg, g6p, f6p, and intracellular gluconate ( Table 2 ). As expected, addition of [U-13 C]gluconate led to a distinct m ϩ 6 mass isotopomer fraction for 6pg. No discernible m ϩ 6 mass fractions were observed for g6p and f6p due to the decarboxylation of 6pg in the oxidative branch of the PPP and its carbon redistribution in the nonoxidative branch of the PPP.
Unexpected mass fractions were observed for intracellular gluconate. The unlabeled fraction (m ϩ 0) of the intracellular gluconate was determined to be 22%, while this fraction was not detectable in the medium to which gluconate was added ( Table 2) . Apparently, an unidentified reaction caused inflow of unlabeled carbon into the otherwise uniformly 13 C-labeled gluconate pool. Two possible reactions were hypothesized to explain this phenomenon: oxidation of glucose to gluconate by either glucose oxidase or glucose dehydrogenase and dephosphorylation of intracellular 6pg to gluconate by a phosphatase (Fig. 5 ). Several aspecific phosphatases have been reported previously for P. chrysogenum (14, 29) . Given the competitive inhibition of these phosphatases by inorganic phosphate (k i ϭ 0.42 mM), it seems unlikely that these enzymes were expressed in the presence of the relatively high phosphate concentrations employed in this study. However, the glucose-oxidizing enzymes have the same restriction. As pointed out above, expression of these enzymes is normally triggered by excess glucose, while in this study the chemostat cultures were grown under carbon-limiting conditions. Enzymatic analysis of cell extracts from the gluconate tracer experiment showed that there was no measurable activity for any of the three proposed enzymes, demonstrating that the levels of enzyme activity were below the detection limit of the assays used. Based on the conceived fluxes for the oxidation of glucose or the dephosphorylation of 6pg (see Table A1 in Appendix A), the minimal specific activities for all three enzymes were estimated to be around 2 ϫ 10 Ϫ4 mol/mg protein/ min. This value is indeed much lower than the detection limit of the assays (0.01 mol/mg protein/min). In spite of the fact that the in vitro assays for these enzymes showed that there was no measurable activity, the possibility that the measured m ϩ 0 fractions of intracellular gluconate were due to the activity of one of these enzymes cannot be excluded.
In Appendix A the effects of the two proposed metabolic scenarios on estimation of the PPP split ratio are examined. The oxidation of unlabeled glucose to gluconate caused a small fraction of the unlabeled carbon to flow into the 6pg pool via uptake of gluconate instead of via conventional oxidation of g6p, thereby altering the estimated PPP split ratio. However, due to the small size of the glucose oxidation flux, the change in the PPP split ratio was practically negligible. The dephosphorylation of 6pg had no effect on the label inflow into the 6pg pool. Irrespective of whether the phosphatase was actively expressed, all unlabeled carbon in 6pg originated from g6p, while all 13 C label originated from [U-13 C]gluconate added to the medium. Hence, an unchanged estimate for the PPP split ratio was obtained. These findings justify the fact that the glucose-oxidizing reaction is neglected in the PPP split ratio estimates presented below.
The mass isotopomers shown in Table 2 and the measured rates of glucose and gluconate uptake were combined with equation 3 to estimate the PPP split ratio in P. chrysogenum. The 95% confidence interval of the PPP split ratio was determined by Monte Carlo simulation in which the added noise was normally distributed with the measured standard deviations of the mass isotopomer fractions. The optimization routine yielded a PPP flux of 4.45 Ϯ 0.36 mmol/Cmol/h, meaning that 51.7% Ϯ 4.2% of the total glucose entering the cell was metabolized via the PPP. Note that for every 1 mol of glucose catabolized in the oxidative branch of the PPP 2 mol of NADPH is produced, while for every 1 mol of gluconate catabolized only 1 mol of NADPH is produced. Since the flux through the PPP is related to the cytosolic NADPH demand of P. chrysogenum (35) , the PPP split ratios calculated by the gluconate tracer method are slight overestimates. In the most extreme case of direct proportionality between the PPP flux and the cytosolic NADPH demand, the PPP split ratio should be slightly corrected to 49.5%. However, normalization of this value for the total rate of glucose and gluconate uptake (v 1 ϩ v 2 ) increased the PPP split ratio to 51.8%.
Mass isotopomer fractions less than 0.03 were not included in the fitting procedure as we observed that these fractions led to a considerable increase in the variance-weighted sum of squared residuals (SS res ). This increase may be explained by the fact that the standard deviations shown in Table 2 are based only on precision limitations of the LC-MS and do not account for any systematic measurement errors. Especially for the small-mass isotopomer fractions these systematic errors can result in large contributions to the minimized sum of squared residuals. A minimal SS res of 2.59 was obtained when we fitted the PPP split ratio. To test whether the SS res is solely caused by normally distributed measurement errors, a 2 distribution was used, in which the degrees of freedom equaled the number of fitted mass isotopomers fractions minus the number of fitted parameters. Exclusion of the m ϩ 2, m ϩ 3, and m ϩ 4 mass isotopomer fractions of g6p, 6pg, and gluconate left 3 df. Given the probability P( 2 [3] Ͻ2.59) ϭ 0.5408, it follows that the fitted PPP split ratio is well within the statistically acceptable range.
13
C-based MFA of P. chrysogenum. By measuring the mass isotopomers of 13 C-labeled primary metabolites, the metabolic fluxes in the PPP and glycolysis of P. chrysogenum were estimated for a second chemostat cultivation operated under conditions identical to those used for the gluconate tracer experiment except that labeled glucose instead of gluconate was added to the feed. The macroscopic parameters for the cultivation are shown in Table 1 . As expected, similar biomass concentrations and uptake and secretion rates were observed for the gluconate tracer experiment and the 13 C-based MFA experiment. Table 3 shows the measured mass isotopomer fractions of the glucose in the medium and the nine intracellular metabolites after P. chrysogenum was grown for 3 residence times on the 13 C-labeled medium. The mass fractions of glucose were used to calculate the isotopic purity of the [U-13 C]glucose (98%) and [1-13 C]glucose (99%) used in the feed. Both levels of isotope purity matched the manufacturer-specified values.
Before any calculations were performed, a qualitative analysis of the mass isotopomer data obtained provided additional insight into the primary metabolism of P. chrysogenum under the cultivation conditions used. For example, the nearly identical mass isotopomer fractions for g6p and f6p shown in Table  3 indicate that the glucose isomerase-catalyzed reaction was close to equilibrium. Only a high reversibility of the glucose isomerase-catalyzed reaction could efface the labeling difference in the g6p and f6p pool caused by f6p originating from the nonoxidative branch of the PPP.
The difference in labeling between the 2/3pg and pep data shown in Table 3 suggests that the reaction catalyzed by the enolase is not fully reversible. Furthermore, the difference in labeling also indicates that pep originates not only from 3pg. The most likely candidate for a second pep-producing reaction is the gluconeogenic reaction catalyzed by pep carboxykinase, which converts one molecule of oxaloacetate into pep and CO 2 at the expense of one molecule of ATP. One possible explanation for the presence of this enzyme is induction by the cosubstrate acetate. Nevertheless, it is intriguing that a microorganism expresses an energy-consuming gluconeogenic reaction when it can produce all upper glycolytic intermediates from glucose. van Winden et al. (36) have previously shown the importance of including a pep carboxykinase in fitting P. chrysogenum 13 C labeling data. Based on the qualitative analysis of the data in Table 3 , a refined metabolic network model of glycolysis and the PPP was constructed for the 13 C-based MFA of P. chrysogenum. Flux estimates for the glycolytic and PPP reactions were obtained by fitting the mass isotopomer distribution model to the measured mass isotopomer distributions. The fitted mass isotopomer fractions and the estimated fluxes are shown in Table 3 and Fig. 6 , respectively. All fluxes were normalized (on a mole basis) to a glucose influx of 100. Using the 13 C-based MFA method, the PPP split ratio was estimated to be 51.1%, which is very similar to the value determined with the gluconate tracer method. Figure 6 also shows that in accordance with previous observations, a flux was fitted for the pep carboxykinase-catalyzed reaction. However, the extent of this flux could not be quantified because only mass isotopomer fractions of glycolytic and PPP metabolites were measured.
The fit shown in Fig. 6 yielded a minimized varianceweighted SS res of 60.2. As described previously, this variable follows a chi-square distribution with, in this case, 30 df (47 independent data points were used for fitting 17 parameters). Given the probability P( 2 [30]Ͻ60.2) ϭ 0.999, it follows that with a 95% confidence interval the fit has to be statistically rejected. An analysis showed that the mass isotopomer fractions of f6p and 6pg contributed the most to the total SS res (data not shown).
Accuracy and reproducibility of the estimated PPP split ratios. The accuracy of the two methods for determining the PPP split ratio was examined by studying the sensitivity of the minimized SS res to changes in the PPP split ratio. The metabolic network model used for the 13 C-based MFA is nonlinear, which makes estimation of the confidence interval based on linearization of the model around the optimally fitted fluxes prone to errors. Therefore, the measured mass isotopomer fractions of both methods were refitted at fixed values for the PPP split ratio, ranging from 20% to 80% at a 5% interval. The SS res for each fit is plotted against the fixed PPP split ratio in Fig. 7 . By determining the points of intersection of the curve with a horizontal line at the 95% confidence value for SS res (SS res 95% ) and by subsequently projecting the intersection points onto the x axis, the 95% confidence interval for the PPP split ratio can be obtained. The 95% confidence value for the SS res can be calculated as follows (see Appendix B):
where SS res,optimal is a constant corresponding to the globally fitted minimum for SS res at the optimal PPP split ratio, n is the number of independent data points, and p is the total number of parameters in the model. The SS res 95% values were calculated to be 68.6 and 16.7 for the 13 C-based MFA and the gluconate tracer method, respectively, which corresponded to 95% confidence intervals of 40.0 to 63.5 and 46.0 to 56.5 (Fig. 7) . Note that the confidence interval for the gluconate tracer method corresponds well to the confidence interval previously estimated using Monte Carlo simulations (47.7 to 56.1). The results clearly show that PPP split ratio estimation by the gluconate tracer method is more precise.
The reproducibility of the estimated PPP split ratios depends on the consistency of three factors: (i) the chemostat cultivation, (ii) the rapid sampling procedure, and (iii) the sample analysis. The reproducibility of chemostat cultivation is indicated by the data in Table 1 , which shows that despite the presence of 5 Cmol% of gluconate, similar macroscopic parameters were obtained for the gluconate tracer method and the 13 C-labeling-based MFA method. Furthermore, when the gluconate tracer experiment was performed with naturally labeled gluconate added to the feed medium, similar macroscopic parameters were obtained (results not shown). During each experiment multiple independent samples were taken using the rapid sampling procedure. A one-way analysis of variance showed that the variability between samples was not significantly greater than the variability within a sample (i.e., between multiple injections in the LC-MS analysis). Thus, sample withdrawal from the chemostat was also reproducible. The reproducibility of the sample analysis is indicated by the small standard deviations for the five independent injections in the LC-MS analysis (Ͻ1%) ( Tables 2 and 3 ). 
DISCUSSION
Replacement of 5 Cmol% of glucose by [U-13 C]gluconate in a glucose-fed chemostat culture of P. chrysogenum allowed accurate determination of the PPP split ratio without disturbing the metabolism of the cell. Use of this method with a penicillin G-producing culture of P. chrysogenum resulted in a PPP split ratio of 51.8%. Determination of the PPP split ratio in P. chrysogenum by a 13 C-based MFA resulted in a similar PPP split ratio, 51.1%. This is the first report of the use of mass isotopomer measurements of 13 C-labeled primary metabolites for determining the metabolic fluxes in P. chrysogenum.
Sensitivity analysis of the two estimated PPP split ratios showed that the gluconate tracer method is more sensitive, as shown by a 95% confidence interval for the PPP split ratio that was threefold smaller. The lower sensitivity of the 13 C-based MFA method can be attributed primarily to the nature of the method. While the gluconate tracer method is dedicated to estimation of the PPP split ratio, the 13 C-based MFA method aims at determining multiple fluxes in a defined metabolic network model. The high interconnectivity of cellular metabolism allows changes in metabolite labeling (due to, for example, an altered PPP split ratio) to be counteracted by changes in the flux patterns in other parts of the metabolism. As a result, the fitting procedure can produce similar minimized SS res values for dissimilar metabolic flux patterns. The preferred method thus depends on the objective of the experiment. The gluconate tracer method allows accurate determination of only the PPP split ratio, whereas the 13 C-based MFA method provides an estimate of the global flux distribution in the cell, although it is not as accurate as the gluconate tracer method.
In principle, the gluconate tracer method can be extended to other parts of the metabolic network. By using route-specific 13 C-labeled tracers it is possible to determine flux patterns in parts of the metabolic network which otherwise might be hard to accurately determine using the "holistic" 13 C-labeled MFA method. Simultaneous uptake of the tracer and the main carbon source is essential for such tracer studies. Furthermore, the effect of tracer addition on the overall cellular metabolism should be kept to a minimum. Quantification of the flux distribution in a metabolic node requires an influx of the tracer directly after the branch point and measurement of the metabolites directly surrounding the branch point. Table 4 shows an overview of the previously published PPP split ratios for penicillin-producing chemostat cultivation of P. chrysogenum, together with the measured penicillin production rates, the growth rates used, and the estimation methods used. PPP split ratios ranging from 33% to 75% have been reported for P. chrysogenum. The large variation can be explained in part by different experimental conditions, such as differences in the penicillin production rate (due to strain diversity) and the growth rate used. Nonetheless, the large variations are also a result of assumptions made concerning the underlying stoichiometric model. The difference in the PPP split ratios observed by van Gulik et al. (35) and Henriksen et al. (16) , for example, can be explained largely by inclusion of a different cysteine biosynthesis pathway. Furthermore, van Winden et al. (36) showed that different metabolic networks have great effects on the estimated PPP split ratio in a 13 C-based MFA.
As described above, the main advantage of the gluconate tracer method is that it does not rely on a metabolic network model but relies merely on accurate determination of the metabolite labeling directly surrounding the g6p pool. The improved sensitivity of the gluconate tracer method compared to the 13 C-based MFA method described in this paper increases the credibility of the gluconate tracer method. In this respect, none of the other studies listed in Table 4 mention the confidence interval associated with the estimated PPP split ratio.
APPENDIX A
Two candidate reactions were hypothesized to explain the difference between the labeling of the gluconate added to the medium and the labeling of the intracellular gluconate in the gluconate tracer experiment ( Table 2) : oxidation of glucose to gluconate by either glucose oxidase or glucose dehydrogenase and dephosphorylation of intracellular 6pg to gluconate by a phosphatase ( Fig. 5 ). Flux estimates for these reactions were derived by combining the mass and labeling balance around the intracellular gluconate pool, similar to the derivation of equation 3. In the case of a glucose oxidation reaction (v 6 ) the mass balance around the intracellular gluconate pool becomes
Combining equation A1 with the labeling balance yields
where gln_in and gln_ex are the intracellular and extracellular gluconate pools, respectively. In the case of a dephosphorylation reaction (v 8 ) the mass balance around the intracellular gluconate pool becomes a These studies were based on the same 13 C labeling data set, but different methods were used to calculate the PPP split ratio.
b The molecular mass of the biomass used for calculating the specific penicillin production rates was assumed to be growth rate independent and to be 28.05 g (dry weight) per Cmol biomass (35) . Oxidative PPP fluxes (v 3 ) were calculated for the metabolic pathway containing the glucose oxidation reaction and for the metabolic pathway containing the 6pg dephosphorylation reaction by substituting equations A1 and A3 into equation A6, respectively. An overview of the estimated fluxes is shown in Table A1 . The dephosphorylation of 6pg has no effect on the estimated PPP split ratio since it does not alter the origin of the label entering the 6pg pool. Irrespective of an active phosphatase, all unlabeled carbon entering the 6pg pool originates from g6p, and all 13 C label enters via the uptake of gluconate. Mathematical proof of this is obtained by substituting equations A3 and A4 in equation A6, which results in the originally derived equation (equation 3) for calculating the PPP split ratio (not shown).
In contrast, the oxidation of unlabeled glucose to gluconate causes flow of unlabeled carbon into the 6pg pool via gluconate uptake instead of via the classical oxidation of g6p. Consequently, a slightly different PPP split ratio was obtained. However, due to the small size of the glucose oxidation flux, the observed effect on the PPP split ratio was marginal.
APPENDIX B
The asymmetric confidence interval parameter (␤) in a nonlinear model can be derived by refitting the measurement data for a fixed range of ␤ values. By plotting the minimized sum of squared residuals [SS(␤)] for each fit as a function of ␤, an asymmetrical curve is obtained, from which the confidence interval can be calculated by defining a cutoff value for the SS(␤) using the following relationship (1):
where p is the total number of parameters in the model and SS(␤) is a constant corresponding to the global minimized sum of squared residuals (determined when ␤ is not fixed). The cutoff value for SS res at a chosen confidence level (␣) is obtained by solving equation B1 for SS(␤):
Note that the term SS(␤)/(n Ϫ p) corresponds to the estimator for the measurement error ( 2 ). 
